We describe a calorimetric assay for the detection of methicillin-resistant Staphylococcus aureus (MRSA) within 5 h. Microbial heat was calculated in culture with and without cefoxitin. Among 30 genetically distinct clinical isolates, 19/20 MRSA (95%) and 10/10 methicillin-susceptible Staphylococcus aureus (100%) were correctly identified. Microcalorimetry may be useful for rapid MRSA screening.
Methicillin-resistant Staphylococcus aureus (MRSA) is a frequent cause of health care-and community-associated infections. Its prevalence continues to increase in hospitals and in the outpatient setting. Infection control guidelines combine active surveillance with elaborate patient management, including screening for MRSA, contact isolation, and decolonization (12) . Therefore, a rapid and accurate detection of MRSA is essential for both the efficient prevention of the spread of resistant bacteria and the initiation of an early targeted treatment of infections.
Various approaches are used to discriminate between methicillin-susceptible S. aureus (MSSA) and MRSA (2) (3) (4) 14) . In staphylococci, resistance to oxacillin is usually screened by phenotypic tests, as recommended by the Clinical and Laboratory Standards Institute (1) . In most clinical laboratories, culture methods using selective broth, disc diffusion, or chromogenic agar are widely used. The gold standard for the detection of MRSA includes the use of selective cultures in enriched salt-containing tryptic soy broth (TSB) followed by plating (8) . The PCR amplification of the mecA gene from isolated colonies is one of the most accurate methods to differentiate MRSA from MSSA, but it is expensive and thus less appropriate for screening purposes.
Calorimetry is a highly sensitive and useful technique that allows the measurement of heat generated by biological processes in the living cell (9) . Medically important microorganisms such as staphylococci replicate in an appropriate culture medium, resulting in an exponential increase of heat that can be recorded in real-time (i.e., heat-flow curve). Since antimicrobials inhibit bacterial growth, isothermal calorimetry can be used to determine antimicrobial susceptibility (6) . This principle has been recently demonstrated with two laboratory strains of S. aureus (ATCC 25923 and ATCC 43300), cultured in the presence of oxacillin or cefoxitin (13) .
We developed a calorimetric assay and evaluated its performance in terms of repeatability, validity, and robustness for the detection of methicillin resistance in S. aureus. First, we determined the assay repeatability using two well-characterized reference laboratory strains, MSSA ATCC 29213 and MRSA COL. Additionally, we tested MRSA ATCC 43300, a strain with delayed expression of methicillin resistance (5) . Subsequently, we screened 30 genetically distinct clinical isolates of S. aureus (10 MSSA and 20 MRSA) and classified them in a blinded manner.
The clinical strains were collected from nonrelated patients admitted to our hospital between January 2005 and December 2007 and were isolated from intraoperative tissue specimens (n ϭ 16), blood (n ϭ 6), urine (n ϭ 5), or respiratory aspirates (n ϭ 3). The clinical isolates were characterized by pulsed-field gel electrophoresis pattern analysis with Pearson correlation using the Chef DR III system (Bio-Rad) for separating SmaIdigested genomic DNA, as previously described (10) . All isolates displayed a Pearson correlation of Ͻ75%, except for two MRSA isolates (S1771 and T4545) that showed a correlation of 98.2% (see Fig. S1 in the supplemental material). For classification as MSSA or MRSA, the clinical isolates were screened for susceptibility to oxacillin using a microdilution broth procedure (Merlin Diagnostika, Bornheim-Hersel, Germany), interpreted in accordance with Clinical and Laboratory Standards Institute guidelines (1). Isolates showing an oxacillin MIC of Ն4 g/ml were further evaluated with a slide latex agglutination test (Denka Seiken, Tokyo, Japan) detecting PBP2a and classified as MRSA. The oxacillin MIC of all 10 MSSA isolates was Յ1 g/ml.
A 48-channel batch calorimeter (thermal activity monitor, model 3102 TAM III; TA Instruments, New Castle, DE) was used to measure the heat flow at 37°C controlled at Ϯ0.0001°C and a sensitivity of Ϯ0.2 W. Heat was measured continuously in 4-ml glass ampoules and expressed as heat flow over time (in watts [W]). Total heat (in joules [J]) was determined by the integration of the area below the heat flow-time curve. Data analysis was accomplished using the manufacturer's software (TAM Assistant; TA Instruments) and Prism 4.0a (GraphPad Software, La Jolla, CA).
Bacterial inocula for the calorimetry samples were prepared from discrete colonies of S. aureus freshly grown on Columbia 5% sheep blood agar and resuspended in 0.85% sterile saline to a McFarland turbidity of 5. The high bacterial inocula were chosen to allow early heat measurements and to increase the chances of including methicillin-resistant colonies when testing strains heterogeneous in the expression of resistance (2, 7). Aliquots of 300 l were inoculated into sterile calorimetry ampoules prefilled with 2.7 ml TSB with and without cefoxitin (Sigma, Buchs, Switzerland), a strong inducer of mecA expression in both high-level and low-level methicillin-resistant staphylococci (3, 11) . Twofold dilutions of cefoxitin were tested against the laboratory strains. The lowest concentration of cefoxitin that inhibited the heat production of MSSA was 4 g/ml (data not shown), which was used for the subsequent calorimetric studies. The cefoxitin MIC in TSB using a macrodilution broth assay was 2 g/ml (for MSSA ATCC 29213), 16 g/ml (for MRSA COL), and 8 g/ml (for MRSA ATCC 43300).
For laboratory strains, the calorimetric measurement was performed in 20 replicates on consecutive days in order to calculate the interday variation. Figure 1 shows the heat-flow and total heat curves in the presence and absence of cefoxitin (4 g/ml of a representative measurement). Cefoxitin inhibited the heat production of the MSSA ATCC 29213 strain for 24 h, whereas the heat production of the MRSA COL strain was only insignificantly affected. The relative heat was calculated as the ratio between the total heat measured in the presence and absence (growth control) of cefoxitin at different time points of incubation. Figure 2A Table 1 ). Based on the relative heat distribution at 5 h, a cutoff value was generated for the discrimination of MSSA (Ͻ0.4) and MRSA (Ն0.4). The heterogeneous MRSA ATCC 43300 showed a delayed peak of the heat-flow curve in the presence of cefoxitin compared to the growth control (data not shown). Therefore, the calorimetric measurement for this strain was prolonged. The relative heat (mean Ϯ standard deviation) increased from 0.48 Ϯ 0.14 (at 5 h) to 0.60 Ϯ 0.18 (at 6 h) and 0.80 Ϯ 0.15 (at 8 h) (P value for trend, Ͻ0.05). Of 20 MRSA ATCC 43300 replicates, the relative heat of Ն0.4 was measured in 15, 17, and 20 replicates after 5 h, 6 h, and 8 h of incubation, respectively. Thus, the prolonged incubation time of 8 h was necessary to detect the MRSA strain ATCC 43300 with 100% accuracy. Figure 2B shows the relative heat of the 30 clinical isolates at 3 h, 4 h, and 5 h of incubation. The isolates were tested in duplicate. Cefoxitin at 4 g/ml inhibited the heat production of all MSSA clinical isolates but none of the MRSA isolates. After 24 h, all growth controls and all of the MRSA cultures with cefoxitin showed turbidity, while all of the MSSA cultures with cefoxitin remained clear. Table 1 summarizes the relative heat of the clinical isolates at 3 h, 4 h, and 5 h of incubation. Based on the relative heat cutoff of 0.4, 17 (85%) of 20 MRSA clinical isolates were correctly identified after 3 h of incubation. When the incubation was prolonged to 5 h, 19 (95%) of 20 MRSA isolates were correctly identified. The relative heat of all MSSA strains remained at Ͻ0.4 after 4 h and 5 h of incubation. At 5 h of incubation, the sensitivity, specificity, and positive and negative predictive values (and their 95% confidence intervals) for the detection of methicillin resistance were 95% (89% to 100%), 100% (92% to 100%), 100% (91% to 100%), and 91% (85% to 97%), respectively.
One clinical isolate of MRSA (T3011) gave a discrepant result. The relative heat value remained at Ͻ0.4 up to 5 h, and the heat-flow curve showed no peak during 24 h. This clinical isolate had a low growth rate in the presence of cefoxitin, despite the fact that conventional tests demonstrated resistance to methicillin (oxacillin MIC, Ն4 g/ml; positive PBP2a). The cefoxitin MIC in TSB, further evaluated with the macrodilution broth method, was 4 g/ml and thus lower than the one for MRSA COL (16 g/ml). The low cefoxitin MIC may explain the slow growth and the low heat production in the cefoxitin cultures. One MSSA isolate (T 448-1) displayed a relative heat between 0.4 and 0.5 after 3 h of incubation, which decreased below 0.4 after 4 h and 5 h. The unusually high relative heat at 3 h was due to a prolonged lag phase of the isolate.
In this report, we described a calorimetric assay for the rapid and accurate discrimination of clinical MSSA and MRSA isolates, which is highly repeatable, easy to set up, and suitable for automation and computer-generated results. The hands-on preparation time is around 15 min, and the consumables are inexpensive (two disposable 4-ml glass ampoules with rubberaluminum lids and 6 ml standard culture medium per test isolate). A prerequisite for a valid test result is the normal growth of the isolate in the absence of antibiotic (growth control). With the optimization of the calorimetric assay, the accuracy and speed of MRSA detection could be further increased and potentially extended to other organisms and antimicrobial substances. However, a validation study with additional clinical strains from different body sites is needed before introduction into the clinical routine. 
